1.. Introduction
================

Redox-active metal ions are critical for biological function. Copper (Cu), iron (Fe), and manganese (Mn) ions act as co-factors for essential enzymes. Recent reports show that labile or weakly bound pools of redox active metal ions also participate in neuronal signaling and removal of reactive oxygen species.[@cit1]--[@cit4] While absolutely essential for biological activity both in protein-bound and labile forms, excess redox-active metal ions have been associated with severe neuro-degenerative disorders.[@cit5]--[@cit8] A significant route by which excess redox-active metal ions affect cellular function is *via* the Fenton reaction.[@cit9]--[@cit13] Cu^+^/Cu^2+^ and Fe^2+^/Fe^3+^ catalyze the production of reactive hydroxyl radicals which cause permanent modification of cellular lipids, nucleic acids, and proteins leading to severe oxidative damage ([Fig. 1A and B](#fig1){ref-type="fig"}).[@cit9],[@cit10],[@cit12],[@cit14]--[@cit16] Previous studies have shown that metal ion chelators can alleviate oxidative stress associated symptoms of metal-induced disorders.[@cit17]--[@cit23] However, a major shortcoming of chelation therapy is the non-specific removal of other biologically essential metal ions and metal co-factors from metallo-enzymes leading to multiple side-effects.[@cit12],[@cit24]--[@cit28] Therefore, cell-permeable metal selective chelators that can specifically remove excess metal ions responsible for oxidative stress would be extremely valuable motifs for chelation therapy ([Fig. 1C](#fig1){ref-type="fig"}).

![(A) Scheme highlighting mechanisms that can increase intracellular Cu ion levels. Exposure to external agents and mis-folded peptides can cause increased levels of reactive oxygen species (ROS) leading to oxidative stress. Increased oxidative stress leads to protein oxidation releasing Cu ions from proteins and also reduces levels of glutathione (GSH) bound Cu^+^. Mutations in Cu ion transporters lead to elevated intracellular Cu ion levels. (B) Cu^+^/Cu^2+^ catalyzed Fenton reaction produces reactive hydroxyl radicals, HO˙. Cu^2+^ is reduced by cellular reductants like superoxide (O~2~˙^--^) and hydroascorbate (AscH^--^) to complete the catalytic cycle. (C) Proposed cell-permeable Cu^2+^ chelators that alleviate oxidative stress *via* selective Cu^2+^ chelation.](c8sc04041a-f1){#fig1}

We have worked on the development of selective cell-permeable chelators for redox-active metal ions with a focus on Cu ion chelation. The motivation for our work derives from the fact that while Cu^+^/Cu^2+^ ions are absolutely essential for biological activity, abnormal Cu homeostasis is implicated in severe neurological and metabolic disorders like Alzheimer\'s disease,[@cit7],[@cit29]--[@cit32] amyotrophic lateral sclerosis,[@cit33]--[@cit37] cancer,[@cit38],[@cit39] Menkes disease,[@cit5],[@cit40],[@cit41] and Wilson\'s disease.[@cit8],[@cit42]--[@cit44]

Intra-cellular Cu ions are tightly regulated such that 'free' Cu^+^--aqua species are almost non-existent.[@cit45]--[@cit49] Labile Cu ions are mostly bound to available biological ligands like glutathione and exist in the Cu^+^ oxidation state under the normal reducing physiological conditions.[@cit50],[@cit51] These 'natural' ligands tune the reduction potential of Cu such that the physiologically available labile pool does not participate in Fenton chemistry and the cell is able to efficiently regulate Cu ions to minimize oxidative damage.[@cit12],[@cit13],[@cit52] However, the Cu balance gets compromised during disease conditions *via* multiple mechanisms leading to Cu ion overload ([Fig. 1A](#fig1){ref-type="fig"}).[@cit5],[@cit13],[@cit35],[@cit36],[@cit41],[@cit43],[@cit52] Under Cu dysregulation conditions, excess Cu ions can bind to other biologically available ligands and misfolded proteins forming copper complexes with nM to pM affinities.[@cit15],[@cit36],[@cit53] Importantly, several of these newly formed species have redox potentials that now allow Cu-assisted catalysis of the Fenton reaction.[@cit15],[@cit29],[@cit36],[@cit54]

Since the aberrant labile Cu ion pool is also bound to available ligands, strong chelators are required for effective chelation. However, such strong chelators would also affect the benign non-redox cycling labile Cu^+^ ion pool, like Cu^+^--glutathione,[@cit12],[@cit55] further exacerbating the pathophysiological condition. A novel approach to overcome this challenge is to develop chelators that target the Cu^2+^ labile pool. This pool is mostly non-existent inside cells during physiological conditions,[@cit55] but would be generated as a result of redox cycling during Fenton reaction catalysed by the aberrant Cu ion pool ([Fig. 1B and C](#fig1){ref-type="fig"}). Such a chelator would also be expected to protect against Cu^2+^ liberated during protein mis-metallation under oxidative stress conditions.[@cit13],[@cit52] Therefore, we set forth to develop cell-permeable chelators that would be able to specifically bind Cu^2+^ over Cu^+^. Such chelators would not only serve as scaffolds for the development of therapeutics but would also act as strategic chemical tools for elucidating Cu ion homeostasis.

Achieving Cu^2+^ selective chelation against this backdrop would also necessitate the removal of aberrant labile Cu^2+^ without affecting the labile pools of other biological metal ions. The concentration of the labile pools of metal ions like Ca^2+^, Mn^2+^, Zn^2+^ and Fe^2+^ range from mM to nM levels.[@cit46],[@cit56] Since the ionic radii of divalent transition metal ions fall within 0.7--0.8 Å and all of these metal ions can bind to N and O donor atom containing ligands, designing a selective chelator with a Cu^2+^ binding affinity that is several orders of magnitude higher compared to other metal ions is a significant coordination chemistry challenge.

We have designed a modular synthetic strategy and developed mixed N- and O-donor atom containing Cu^2+^ selective chelators ([Scheme 1](#sch1){ref-type="fig"}). The binding constants of the novel chelators toward Cu^2+^ are 10^8^ times higher than that for other biologically relevant metal ions including Cu^+^. Notably, the binding affinities of the chelators for other divalent metal ions are below the concentrations of their respective labile pools[@cit46],[@cit56] and the chelators do not remove protein bound Cu^2+^. The chelators are cell-permeable and do not affect cell-viability under applied concentrations. These novel molecules suppress Cu^2+^ triggered oxidative stress both in live cells and *in vivo*. Importantly, the chelators were also able to suppress Cu-induced oxidative stress in Menkes disease model Atp7a^--/--^ cells[@cit57] which have endogenously high levels of Cu ions. Hence, our ligands stand out not only in affording exquisite selectivity for Cu^2+^ but also for their applicability to biological systems which we have proven all the way from in cell disease models to a live multicellular vertebrate system.

![Synthesis of chelators **2c** and **3c**. ^a^Reagents and conditions: (a) sodium acetate buffer, pH 4.5 and methanol, 100 °C; (b) sodium borohydride in dry methanol, 0 °C.](c8sc04041a-s1){#sch1}

2.. Results and discussion
==========================

Chelator synthesis and stability in physiological buffer
--------------------------------------------------------

Mixed N- and O-donor atom containing ligands were synthesized *via* a modular strategy as shown in [Scheme 1](#sch1){ref-type="fig"}. The basic design criterion was to keep the number of synthetic steps minimal. Further, S-donor atoms were avoided to introduce selectivity for Cu^2+^ over Cu^+^. The precursors **2b**[@cit58] and **3b** were synthesized in a single step by a Schiff base condensation reaction between the amine **1** and either aldehyde **2a** or **3a** ([Scheme 1](#sch1){ref-type="fig"}). Compounds **2b** and **3b** were obtained in 93% and 54% yields, respectively. An advantage of this strategy is that the substituent on the aromatic aldehyde could be varied to generate ligands with potentially different metal ion binding affinities. Compounds **2b** and **3b** were reduced in the presence of sodium borohydride. The reduced novel ligands **2c** and **3c** were obtained in 77% and 57% yields respectively starting from **2b** and **3b** ([Scheme 1](#sch1){ref-type="fig"}, Fig. S1 and S2[†](#fn1){ref-type="fn"}).

Since the chelators would be finally applied in living cells and biological systems, stability in aqueous media was an important criterion.[@cit59] We, therefore, assessed the stability of the molecules over time, using LC/ESI-MS. Both compounds **2c** and **3c** were stable in aqueous buffer as well as in cell-culture medium for over 12 h as shown in Fig. S3.[†](#fn1){ref-type="fn"}

Ligands **2c** and **3c** bind Cu^2+^ ions
------------------------------------------

The molecules **2c** and **3c** were taken forward for studying Cu^2+^ chelation properties. Absorption titrations for both ligands were performed in the presence of Cu^2+^ ions in aqueous buffer. The absorption spectrum of compound **2c** showed peaks at 247 nm, 277 nm, and a shoulder at 301 nm (Fig. S4[†](#fn1){ref-type="fn"}). For compound **3c**, peaks were observed at 247 nm and 295 nm (Fig. S4[†](#fn1){ref-type="fn"}).

A distinct new band was observed for both compounds **2c** and **3c** in the presence of Cu^2+^ at 420 nm (*ε*, 736 M^--1^ cm^--1^) and 450 nm (*ε*, 832 M^--1^ cm^--1^), respectively ([Fig. 2a and b](#fig2){ref-type="fig"}, Table S2[†](#fn1){ref-type="fn"}). Upon titrating Cu^2+^ to both ligands, the new bands at 420 nm and 450 nm showed increase in intensity with a sharp transition and saturation at 2 equivalents of ligand relative to Cu^2+^ ions ([Fig. 2a and b](#fig2){ref-type="fig"}, inset). Other spectral changes were also observed upon Cu^2+^ addition to both ligands. For example, an increase in the intensity of the 275 nm peak was observed for ligand **2c**. Further, the 247 nm peak shifted to 237 nm with concomitant intensity increase ([Fig. 2a](#fig2){ref-type="fig"}). Compound **3c** afforded an increase in intensity for both the 247 nm and 295 nm peaks ([Fig. 2b](#fig2){ref-type="fig"}). A visible color change was observed from colorless to greenish upon Cu^2+^ addition to both ligands (Fig. S5[†](#fn1){ref-type="fn"}). Closer inspection of the absorption spectrum revealed new bands at 623 nm (*ε*, 173 M^--1^ cm^--1^) and 626 nm (*ε*, 275 M^--1^ cm^--1^), respectively for **2c** and **3c**, which explain the observed color change ([Fig. 2c](#fig2){ref-type="fig"} and inset, Table S2[†](#fn1){ref-type="fn"}).

![Absorbance response of ligands **2c** and **3c** with Cu^2+^. (a) Ultraviolet (UV)-visible titration of **2c** (50 μM) with CuCl~2~ (0--60 μM) in buffer. Black arrows indicate spectral changes upon addition of Cu^2+^. The inset shows the plot of absorbance at 420 nm *versus* concentration of Cu^2+^. (b) UV-visible titration of **3c** (50 μM) with CuCl~2~ (0--60 μM) in buffer. Black arrows indicate spectral changes upon addition of Cu^2+^. The inset shows the plot of absorbance at 450 nm *versus* concentration of Cu^2+^. (c) Visible-near infra-red (NIR) absorbance spectra for titration of **2c** with Cu^2+^. The inset shows visible-NIR absorbance spectra for titration of **3c** with Cu^2+^. (d) Area normalized absorbance spectra representing titration of CuCl~2~ to **3c**. Black arrows indicate isosbestic points. (e) Job\'s plot depicting absorbance *versus* mole fraction for the Cu^2+^--**3c** system. (f) Absorption binding plot for titration of Cu^2+^ to **2c** (50 μM, black squares) with simulated fits (fitted to equation: conditional stability constant *β* = \[ML~2~\]/\[M\]\[L\]^2^), using log *β* as 9 (green dashed line), 11 (purple dashed line), 12 (blue dashed line), 13 (red dashed line), 14 (light green dashed line). Buffer used 20 mM HEPES (100 mM NaCl, pH 7.0).](c8sc04041a-f2){#fig2}

Area normalized absorption spectra for Cu^2+^ titration into both ligands showed isosbestic points indicating the presence of distinct Cu^2+^ complexes ([Fig. 2d](#fig2){ref-type="fig"} and S6[†](#fn1){ref-type="fn"}). The stoichiometry of the complexes was confirmed to be 1 : 2 Cu^2+^ : ligand by the method of continuous variation from Job\'s plots ([Fig. 2e](#fig2){ref-type="fig"} and S7[†](#fn1){ref-type="fn"}). The formation of 1 : 2 Cu^2+^ : ligand complexes was further confirmed by ESI/MS analysis (Fig. S8 and S9[†](#fn1){ref-type="fn"}). The sharp transitions in absorption titrations ([Fig. 2a and b](#fig2){ref-type="fig"}, inset) and Job\'s plots for **2c** and **3c** with Cu^2+^ ([Fig. 2e](#fig2){ref-type="fig"} and S7[†](#fn1){ref-type="fn"}) indicated the formation of Cu^2+^ complexes with high binding affinity toward the metal ion. We, therefore, proceeded to determine the stability constants of the ligands with Cu^2+^. Since, the absorption titrations for both **2c** and **3c** indicated sharp transitions we determined the lower limits for the Cu^2+^ conditional stability constants (*β*) by simulating binding curves using a 1 : 2 metal : ligand binding model (see ESI[†](#fn1){ref-type="fn"}). As shown in [Fig. 2f](#fig2){ref-type="fig"}, the data for the titration of Cu^2+^ to **2c** fitted to simulated curves generated by considering log *β* values ≥12. Similarly, the log *β* value for Cu^2+^ binding to **3c** was determined to be ≥13 (Fig. S10[†](#fn1){ref-type="fn"}).

We also performed electron paramagnetic resonance (EPR) spectroscopy of the Cu^2+^--**2c** complex in order to obtain insight into its coordination geometry (Fig. S21[†](#fn1){ref-type="fn"}). The spin Hamiltonian parameters obtained by simulating the experimental spectrum of the Cu^2+^--**2c** complex indicate that the Cu^2+^ ion has a tetragonal geometry (pseudo-square planar; *g*~‖~ = 2.2220; *g*~⊥~ = 2.0502). The value of *g*~‖~/*A*~zz~ is 120.6 cm. This value is used to assess the degree of geometric distortion and values between 105--135 cm are typical of Cu^2+^ complexes with tetragonal (square planar) geometry.[@cit60] Further, the EPR data indicate that neither un-complexed Cu^2+^ ions nor other Cu^2+^ complexes like di-nuclear Cu^2+^ species are present.

Computed structures of the Cu^2+^ complexes
-------------------------------------------

The UV-visible-NIR titration experiments indicate that **2c** and **3c** coordinate to Cu^2+^ in 1 : 2 Cu^2+^ : ligand stoichiometry. The isosbestic points suggest that the 1 : 2 complexes have a higher stability than the corresponding 1 : 1 complexes ([Fig. 2d](#fig2){ref-type="fig"} and S6[†](#fn1){ref-type="fn"}). The UV-visible-NIR spectra of the two complexes indicate that phenolate donors are coordinated to Cu^2+^, when compared to other ligand systems exhibiting Cu^2+^--phenolate coordination.[@cit61],[@cit62] The electronic transitions at 420 nm (*ε*, 736 M^--1^ cm^--1^) and 450 nm (*ε*, 832 M^--1^ cm^--1^), respectively, can be assigned to phenolate-based charge-transfer (CT) transitions, while those with significantly lower intensity at 623 nm (*ε*, 173 M^--1^ cm^--1^), and 626 nm (*ε*, 275 M^--1^ cm^--1^) respectively, are due to d--d transitions. The EPR data indicate the formation of a tetragonal (pseudo square-planar) complex. Taken together the UV-visible-NIR titration and the EPR data indicate the formation of a 1 : 2 Cu^2+^ : ligand complex with a pseudo-square-planar geometry, where two N-and phenolate O-donor atoms each are coordinated to the central metal ion.

In order to obtain further information about the coordination geometries and explore reasons for the formation of 1 : 2 Cu^2+^ : ligand complexes, we used computational methods to predict the corresponding structures. The two ligands **2c** and **3c** are potentially penta-dentate and an important question to answer is: why do the ligands only use either two or three donor atoms each to coordinate to Cu^2+^? Since ligand-imposed steric strain seems to be a major reason, force field calculations are an ideal approach to get possible answers to this question.

In order to obtain strain energies for comparison between different structures, we have optimized possible 1 : 1 complexes with **2c** as an *O*,*N* bidentate (1^2^), an *O*,*N*,*N* (2^3^,3^3^) or *N*,*N*,*N* tridentate (4^3^), an *O*,*N*,*N*,*O* (5^4^) or an *O*,*N*,*N*,*N* tetradentate (6^4^) and a pentadentate ligand (7^5^; not all possible isomers were considered, for details see Fig. S34[†](#fn1){ref-type="fn"}). We have used the well-established MOMEC program and force field for the calculations.[@cit63]--[@cit67] Additional parameters involving Cu^2+^--O~phenolate~ bonding were obtained from known structures[@cit61],[@cit62] (see ESI, Table S5[†](#fn1){ref-type="fn"}). All Cu^2+^ centers were computed as Jahn--Teller elongated hexa-coordinate geometries with water molecules completing the coordination spheres, and the conformational space was evaluated deterministically. Details of the computational analysis have been included in the ESI.[†](#fn1){ref-type="fn"}

The structure with **2c** coordinated as an *O*,*N* bidentate ligand (1^2^) afforded the lowest strain energy. The only other structures that might compete in terms of steric strain were those with **2c** as a tridentate or tetradentate ligand involving amino-salicylate donor groups (2^3^ and 5^4^), and these structures were 15 and 11 kJ mol^--1^ higher in energy, respectively than the 1^2^ structure (Fig. S34 and Table S6[†](#fn1){ref-type="fn"}). However, these structures involve relatively flexible 8-membered chelate rings and therefore are entropically disfavored. Due to severe van der Waals repulsion by the phenyl substituent of the tertiary amine donor, all other isomers are destabilized by an additional 15--20 kJ mol^--1^. The optimized structures of the lowest energy 1 : 1 and 1 : 2 Cu^2+^ : **2c** complexes are presented in [Fig. 3](#fig3){ref-type="fig"} and ESI Video.[†](#fn1){ref-type="fn"} Hence, we infer that these ligands coordinate to Cu^2+^ in a bidentate mode with high 1 : 2 metal : ligand Cu^2+^ binding constants. Although we cannot completely rule out the possibility of the formation of minor ternary complexes with available ligands from the media, we note that the structure of the 1 : 2 Cu^2+^ : **2c** complex is in agreement with the UV-visible-NIR spectra, the spectrophotometric titration, the ESI-MS spectra, and the EPR spectrum.

![MOMEC optimized structures for (a) \[Cu^2+^(**2c**)(OH~2~)~4~\] (1^2^; 1 : 1) and (b) \[Cu^2+^(**2c**)~2~(OH~2~)~2~\] (1^2^; 1 : 2) complexes. Ligand **2c** is in the phenolate form. In the structures, carbon, nitrogen, oxygen and hydrogen atoms are represented in light brown, blue, red and white colors, respectively. Copper ions are represented in gold.](c8sc04041a-f3){#fig3}

Competition experiment of **2c** and **3c** with a high affinity Cu^2+^ chelator and protein-bound Cu^2+^
---------------------------------------------------------------------------------------------------------

We next performed a control experiment in which ethylene-diamine tetra-acetic acid (EDTA) was titrated into a solution containing 1 : 2 Cu^2+^ : ligand **3c**. The absorption band at 450 nm decreased with increasing concentrations of EDTA and the band completely attenuated at ∼0.75 equivalent of EDTA (Fig. S11[†](#fn1){ref-type="fn"}). The Cu^2+^--EDTA (1 : 1) complex has a log *β* of 15.8.[@cit68] This control experiment indicated that the ligands would not be able to chelate out Cu^2+^ from essential enzymes that have Cu^2+^ binding affinities in the aM--fM regime.[@cit50] To further confirm that the chelators will not affect enzyme bound copper, we titrated the chelators to Cu^2+^--azurin complex which has a Cu^2+^ dissociation constant of 25 fM.[@cit69] Cu^2+^--azurin complex has a characteristic absorption peak at 628 nm due to cysteine--Cu^2+^ charge-transfer.[@cit70] The absorption of the peak remained unaffected even upon addition of upto 12 equivalents of the chelators **2c** and **3c** (Fig. S12[†](#fn1){ref-type="fn"}). Therefore, the chelators **2c** and **3c** will be able to remove excess labile copper without affecting enzyme bound copper.

Selectivity of the chelators toward Cu^2+^
------------------------------------------

Encouraged by the Cu^2+^ binding data we evaluated the conditional stability constants of **2c** and **3c** toward other biologically relevant metal ions that can bind to ligands with mixed N- and O-donor atoms. Absorption titrations for both ligands were performed in the presence of Cu^+^, Ca^2+^, Fe^3+^, Fe^2+^, Ni^2+^, Zn^2+^, Mn^2+^ and Co^2+^ metal ions (Fig. S13--S20[†](#fn1){ref-type="fn"}). The titration curves indicated weak binding and the data could be fitted to a 1 : 1 binding model. The conditional stability constants ranged between log *β* values of 2.53 to 4.48 ([Table 1](#tab1){ref-type="table"}) indicating that the stability constants of the ligands toward Cu^2+^ were at least 10^8^ times higher than the stability constants toward Cu^+^, Ca^2+^, Zn^2+^, and other transition metal ions. The binding data indicated that **2c** and **3c** were indeed highly selective Cu^2+^ chelators ([Table 1](#tab1){ref-type="table"}).

###### Conditional stability constant (log *β*) for the chelators with different metal ions

  Compound   Cu^2+^   Cu^+^   Mn^2+^                                      Co^2+^                                      Zn^2+^   Ca^2+^                                      Fe^2+^   Fe^3+^   Ni^2+^
  ---------- -------- ------- ------------------------------------------- ------------------------------------------- -------- ------------------------------------------- -------- -------- --------
  **2c**     ≥12      4.19    n.b[^*a*^](#tab1fna){ref-type="table-fn"}   3.97                                        3.93     n.b[^*a*^](#tab1fna){ref-type="table-fn"}   3.63     3.39     2.53
  **3c**     ≥13      4.48    4.20                                        n.b[^*a*^](#tab1fna){ref-type="table-fn"}   3.90     n.b[^*a*^](#tab1fna){ref-type="table-fn"}   4.05     3.89     3.10

^*a*^No binding was detected. Conditional stability constant, *β*~1*n*~ = \[ML~*n*~\]/\[M\]\[L\]^*n*^; *n* = 2 for Cu^2+^ and *n* = 1 for other metal ions. All the absorbance measurements were carried out in 20 mM HEPES buffer (100 mM NaCl, pH 7.0).

None of the existing commercial Cu^2+^ chelators that are used for either therapy of Cu-overload diseases or for mechanistic studies in elucidating Cu regulation afford such distinct selectivity toward Cu^2+^ (Table S3[†](#fn1){ref-type="fn"}).[@cit27],[@cit71] In fact, when we compared the reported binding constants of these commercial ligands for Cu^2+^*versus* other metal ions we found that most of them bind more strongly to Fe^3+^ and also have very high affinities toward Zn^2+^ and Ni^2+^.[@cit27],[@cit71] We also compared our chelators to the few other previously reported reduced salen chelators[@cit23],[@cit68] (Table S4[†](#fn1){ref-type="fn"}). Unlike our chelators the metal binding constants of these reduced salen chelators for most biologically relevant metal ions had not been reported. We found that our ligands stood out in their selectivity toward Cu^2+^ relative to the majority of this group as well.

Since the spectroscopic characterization and computed structures of the Cu^2+^--**2c** complex indicate that only half of the ligand comprising a phenolate O atom and the secondary N atom coordinate to the metal ion we investigated if a minimal control binding unit, 2-((benzylamino)methyl)phenol, would be sufficient to explain the observed selectivity. Absorption titration data of Cu^2+^ to the control molecule (performed under same experimental conditions as **2c** and **3c**, Fig. S22[†](#fn1){ref-type="fn"}) indicated that the ligand can bind to Cu^2+^ ions in 1 : 2 Cu^2+^ : ligand stoichiometry with a log *β* value of 7.0. However, interestingly, the ligand did not afford a change in its absorption spectrum in the presence of other essential metal ions under identical experimental conditions, suggesting that the stability constants of the ligand toward other metal ions were very low (Fig. S23[†](#fn1){ref-type="fn"}). This data indicates that the control molecule, although a weaker Cu^2+^ binder (log *β* 7.0) compared to **2c** and **3c** (log *β* ≥ 12), retains its selectivity for Cu^2+^ binding. This result suggests that the other half of the molecules **2c** and **3c** would be important in pre-orienting the binding unit for Cu^2+^ coordination thereby increasing the binding affinity. Further, the computational studies show that the steric strain provided by the central *N*-phenyl moiety drives the binding toward a bidentate mode and disfavors the use of other donor atoms in the ligand. This is a key feature that leads to Cu^2+^ selectivity since the resultant pseudo square-planar (tetragonal) geometry adopted by the Cu^2+^ complex is a highly preferred ligand orientation for d^9^ Cu^2+^ systems when compared to other metal ions. We next proceeded to test the ability of our chelators to alleviate Cu-induced oxidative stress.

Chelators reduce Cu ion catalyzed hydroxyl radical production *in vitro*
------------------------------------------------------------------------

First, an *in vitro* deoxyribose-based assay[@cit72] was performed to test whether the chelators could suppress Cu ion catalyzed formation of hydroxyl radicals. In this assay, deoxyribose reacts with *in situ* generated hydroxyl radicals to produce malondialdehyde. Malondialdehyde reacts with thiobarbituric acid to produce a pink chromophore with absorbance maxima at 532 nm (Fig. S24[†](#fn1){ref-type="fn"}). If a ligand is able to chelate Cu^2+^ from the reaction mixture then the production of the chromophore would be reduced. Importantly, Cu^2+^ chelation would reduce the production of hydroxyl radicals provided the metal complex does not promote further Fenton reaction. The absorbance of the chromophore at 532 nm is therefore used as a readout for Cu ion catalyzed production of hydroxyl radicals.

Both ligands **2c** and **3c** suppressed the production of hydroxyl radicals as seen from the reduction of the absorbance at 532 nm ([Fig. 4](#fig4){ref-type="fig"}). Desferrioxamine mesylate (DFO) was used as a positive control since DFO is a known chelator for redox active metal ions like iron and copper. A related ligand desferrioxamine B which does not have the mesylate groups has a stability constant log *β* value of 14.1 for a 1 : 1 Cu^2+^ : ligand complex.[@cit71] The plots for absorbance at 532 nm *versus* chelator concentration for ligands **2c** and **3c** followed a similar trend as that of DFO with greater than 90% reduction in absorbance at concentrations above 50 μM ([Fig. 4](#fig4){ref-type="fig"}). On the other hand, salicyaldehyde, a weaker chelator (log *β* for Cu^2+^ 7.4)[@cit71] only partially reduced the formation of hydroxyl radicals ([Fig. 4](#fig4){ref-type="fig"}). The deoxyribose assay clearly indicated that the ligands **2c** and **3c** would be able to chelate Cu^2+^ and suppress Cu ion induced hydroxyl radical formation. Importantly, unlike chelators such as DFO which have extremely high binding affinities for most metal ions,[@cit71],[@cit73] our chelators are highly selective for Cu^2+^. The *in vitro* assay also indicated that the Cu^2+^ complexes of **2c** and **3c** would not promote further Fenton chemistry. This is an important criterion for Cu chelation targeted toward assuaging Cu-induced oxidative stress since there are multiple examples of chelators that can bind to Cu^2+^ and promote the production of hydroxyl radicals.[@cit52],[@cit74]--[@cit77] Hence, our chelators can be potentially useful for treating Cu ion overload associated disorders.

![Effect of chelators **2c** and **3c** on deoxyribose degradation *via* Cu ion mediated hydroxyl radical formation. Salicylaldehyde (SAL) and desferroxamine mesylate (DFO) were used as controls. Ratio of values of absorbance in the presence of chelator (*A*) *versus* absorbance in the absence of chelator (*A*~o~) \<1 signify protection against hydroxyl radical mediated deoxyribose degradation. Conditions: CuSO~4~ (10 μM), 2-deoxyribose (15 mM), H~2~O~2~ (100 μM), ascorbic acid (2 mM), at pH 7.4 in phosphate buffer.](c8sc04041a-f4){#fig4}

Chelators remove Cu ions from Cu^2+^ exposed living cells
---------------------------------------------------------

As a first step toward evaluating the chelators in living systems, we wanted to test whether the chelators could remove Cu ions from Cu^2+^ overloaded cells. Phen Green FL diacetate is a cell permeable fluorescent dye that is quenched in the presence of Cu ions, and has been used effectively to image intracellular Cu ions in Cu^2+^ overloaded biological systems.[@cit78]--[@cit80] Human embryonic kidney cells (HEK293T) were used for the experiments. Cells were incubated with Phen Green FL and imaged in a confocal microscope. In comparison to control untreated cells the Cu^2+^-treated cells showed a significant decrease in fluorescence intensity ([Fig. 5a and c](#fig5){ref-type="fig"}, \*\*\**p* ≤ 0.001). When the Cu^2+^-treated cells were incubated with the chelators **2c** and **3c** for 30 min the Phen Green fluorescence intensities afforded significant recovery and were similar to the Cu^2+^ untreated controls ([Fig. 5b and c](#fig5){ref-type="fig"}). The recovery of Phen Green fluorescence upon chelator treatment in Cu^2+^ overloaded cells along with the distinct Cu^2+^ selectivity of our chelators indicate that these chelators will be able to efficiently remove Cu^2+^ ions from cells under oxidative stress conditions.

![Confocal fluorescence images of live HEK293T cells to show the effect of Cu^2+^ chelators using a Cu ion responsive dye Phen Green FL. All cells were incubated with Phen Green FL dye (5 μM) initially for 30 min before any further treatments. (a) Left to right: control cells; cells treated with CuCl~2~ (20 μM) for 30 min. (b) Left to right: cells treated with CuCl~2~ (20 μM) for 30 min followed by **2c** (80 μM) for 30 min; CuCl~2~ (20 μM) for 30 min followed by **3c** (80 μM) for 30 min. Cells were washed three times with PBS buffer after each addition and then imaged (*λ*~ex/em~: 488/498--600 nm). Fluorescence intensity analyses of confocal images were carried out by using ImageJ software. (c) Bar plots represent the intensity analyses results. Intensity data were normalized to intensity of control untreated cells. Error bars denote SEM, *n* = 3. Statistical analyses were performed using an unpaired, two-tailed Student\'s *t*-test (\*\**p* ≤ 0.01, \*\*\**p* ≤ 0.001). Images were acquired using a 40× objective; scale bar: 20 μm.](c8sc04041a-f5){#fig5}

Chelators suppress Cu induced oxidative stress in living cells
--------------------------------------------------------------

Our *in vitro* data had shown that the chelators could attenuate Cu induced production of hydroxyl radicals which is a major pathway by which Cu ions cause oxidative damage. We have also validated that our chelators would be able to remove Cu^2+^ ions from live cells. The next key step was to test the ability of the chelators to alleviate Cu^2+^ induced oxidative stress in living cells. HEK293T cells were incubated with Cu^2+^ and the level of reactive oxygen species (ROS) in the cells was monitored using CellROX® Deep Red[@cit81] which emits in the red (*λ*~ex~: 633 nm, *λ*~em~: 641--700 nm) upon oxidation with ROS ([Fig. 6](#fig6){ref-type="fig"} and S25[†](#fn1){ref-type="fn"}). [Fig. 6](#fig6){ref-type="fig"} depicts confocal images of live HEK293T cells. The basal level of ROS in cells was determined by using control cells that had not been treated with Cu^2+^. Addition of the chelators to cells did not cause any increase in the emission intensity of CellROX indicating that the chelators alone did not induce any oxidative stress ([Fig. 6](#fig6){ref-type="fig"}). Cu^2+^ treated cells induced a significant increase in ROS over control untreated cells (\*\*\*\**p* ≤ 0.0001, [Fig. 6](#fig6){ref-type="fig"}). Both CuCl~2~ ([Fig. 6](#fig6){ref-type="fig"}) and CuSO~4~ (Fig. S25[†](#fn1){ref-type="fn"}) showed similar CellROX responses indicating that the oxidative stress was due to Cu^2+^, rather than the anion. Finally, when the Cu^2+^ treated cells were incubated with the chelators a significant decrease in the CellROX emission intensity was observed indicating that both ligands **2c** and **3c** were able to rescue the cells from Cu^2+^ induced oxidative stress conditions ([Fig. 6](#fig6){ref-type="fig"} and S25[†](#fn1){ref-type="fn"}). Moreover, pre-treating the cells with the chelators prior to Cu^2+^ incubation also protected the cells from Cu-induced oxidative stress (Fig. S26[†](#fn1){ref-type="fn"}).

![Confocal fluorescence images of live HEK293T cells in presence of chelators and a ROS sensitive dye. (a) Left to right: control cells; cells treated with chelator **2c** (40 μM) for 30 min; with CuCl~2~ (20 μM) for 30 min; with CuCl~2~ (20 μM) for 30 min followed by **2c** (40 μM) for 30 min. (b) Left to right: control cells; cells treated with **3c** (40 μM) for 30 min; CuCl~2~ (20 μM) for 30 min; CuCl~2~ (20 μM) for 30 min followed by **3c** (40 μM) for 30 min. Cells were stained with CellROX (5 μM) for 30 min at the final step before imaging. (*λ*~ex/em~: 633/641--700 nm). Cells were washed three times with PBS buffer after each addition and then imaged. Lower panels of (a) and (b) shows bright field images of cells overlaid with confocal images. Fluorescence intensity analyses of confocal images were carried out by using ImageJ software. Bar plots represent the intensity analyses results for (c) chelator **2c** and (d) chelator **3c**. Intensity data were normalized to intensity of CuCl~2~ treated cells. Error bars denote SEM, *n* = 3. Statistical analyses were performed using an unpaired, two-tailed Student\'s *t*-test (\*\*\*\**p* ≤ 0.0001). Images were acquired using a 40× objective; scale bar: 20 μm.](c8sc04041a-f6){#fig6}

Fe^2+^ ions also catalyse Fenton reaction. However, our chelators being Cu^2+^ specific should not alleviate Fe-induced oxidative stress. A control experiment in the presence of Phen Green which also responds to Fe^2+^ indicated that the chelators could not remove Fe ions from cells treated with an Fe^2+^ salt (Fig. S27[†](#fn1){ref-type="fn"}). Further, CellROX fluorescence also increased in cells incubated with Fe^2+^ indicating increased oxidative stress. However, the chelators could not reduce CellROX fluorescence (Fig. S28[†](#fn1){ref-type="fn"}) confirming the selectivity of our chelators toward Cu^2+^ in live cells.

As a positive control, [d]{.smallcaps}-penicillamine ([d]{.smallcaps}-Pen)[@cit27],[@cit82] a cell-permeable non-selective Cu^2+^ chelator (Table S3[†](#fn1){ref-type="fn"}) also suppressed Cu^2+^ induced oxidative stress to a similar extent as chelators **2c** and **3c** ([Fig. 6a--d](#fig6){ref-type="fig"} and S29a, b[†](#fn1){ref-type="fn"}). However, our chelators are highly selective toward Cu^2+^ and hence have a significant advantage over other non-specific Cu^2+^ chelators. In order to further confirm that the chelators **2c** and **3c** indeed reduce Cu^2+^-induced oxidative stress *via* Cu^2+^ chelation and not *via* the removal of ROS through reactions with the phenolic moieties in the chelators,[@cit83],[@cit84] we performed an additional control experiment by monitoring the effect of the chelators on lipopolysaccharide induced oxidative stress. Lipopolysaccharides generate ROS *via* the activation of toll-like receptors which in turn activate NADPH oxidase leading to oxidative stress.[@cit85],[@cit86] Both chelators **2c** and **3c** had no effect on LPS induced oxidative stress in live cells demonstrating that the chelators function *via* Cu^2+^ chelation in alleviating Cu-induced oxidative stress (Fig. S29c and d[†](#fn1){ref-type="fn"}).

Further, we simultaneously imaged Cu ions and ROS in live cells to firstly show that regions of high ROS in Cu-overloaded cells colocalize with Cu ions; and secondly to show that the chelators can access these regions, chelate out Cu^2+^, and efficiently reduce the ROS burden. Phen Green FL and CellROX Deep Red were used to image Cu ions and ROS respectively. Cu^2+^ untreated cells showed high Phen Green intensity and low CellROX intensity indicating low Cu^2+^ and low ROS levels, respectively ([Fig. 7A, B and C](#fig7){ref-type="fig"}, a panels). Cells treated with Cu^2+^ showed low Phen Green intensity due to quenching of the Phen Green fluorescence by Cu ions throughout the cells ([Fig. 7A, B and C](#fig7){ref-type="fig"}, b panels). CellROX intensity was high in the cytoplasm indicating oxidative stress conditions ([Fig. 7A, B and C](#fig7){ref-type="fig"}, b panels). Upon treatment with the chelators, the Phen Green intensity recovered with a simultaneous decrease in the CellROX intensity from the cytoplasm indicating that the chelators can distinctly reduce Cu^2+^ induced oxidative stress in live cells *via* Cu^2+^ chelation ([Fig. 7A, B and C](#fig7){ref-type="fig"}, c and d panels).

![Simultaneous imaging of copper levels and oxidative stress in live HEK293T cells in the presence and absence of chelators **2c** and **3c**. Phen Green FL was used to image Cu ions and CellROX was used to image ROS. (A) Top to bottom (a--d): confocal images of control untreated cells; cells treated with CuCl~2~ (20 μM) for 30 min; cells treated with CuCl~2~ (20 μM) for 30 min followed by **2c** (80 μM) for 30 min; cells treated with CuCl~2~ (20 μM) for 30 min followed by **3c** (80 μM) for 30 min. All cells were incubated with Phen Green FL (5 μM) for 30 min prior to any other treatment (*λ*~ex/em~: 488/498--600 nm) and incubated with CellROX (5 μM) for 30 min at the final step before imaging (*λ*~ex/em~: 633/641--700 nm). Cells were washed three times with PBS buffer after each addition and then imaged. Number of washings was identical for all experiments. Left to right: HEK293T cells showing Phen Green FL emission, CellROX emission, and overlaid confocal images. (B) The white lines in the overlaid images were used to calculate the fluorescence intensity of Phen Green FL (green) and CellROX (blue) in the line scan along the direction of 1 to 2. (C) Bar plots represent the intensity analyses results for panel (A, a--d). Intensity data were normalized to intensity of control untreated or CuCl~2~ treated cells. Error bars denote SEM, *n* = 3. Images were acquired using a 40× objective; scale bar: 20 μm.](c8sc04041a-f7){#fig7}

Finally, we checked whether the chelators would affect cell-viability. More than 93% cells were viable up to 4 h of incubation with 100 μM of the chelators (Fig. S30[†](#fn1){ref-type="fn"}). Hence, the chelators would have minimal toxicity when applied up to micro molar levels (Fig. S30[†](#fn1){ref-type="fn"}). All of the confocal imaging experiments, intensity analyses of the images, and cell-viability data taken together highlight the efficacy of the novel chelators toward alleviating Cu ion induced oxidative stress conditions and indicate the potential of the chelators toward therapeutic applications. We, therefore, took the chelators a next step forward and tested their applicability in a cellular disease model representing endogenous Cu ion overload.

Effect of chelators on oxidative stress in an Atp7a^--/--^ cell model of Menkes disease
---------------------------------------------------------------------------------------

In order to ascertain the efficacy of our Cu^2+^ selective chelators in a disease model of copper overload, we tested the ligands **2c** and **3c** in mouse embryonic fibroblast cells lacking the *Atp7a* gene, which is mutated in Menkes disease (Fig. S31[†](#fn1){ref-type="fn"} and [8](#fig8){ref-type="fig"}).[@cit57] ATP7A is a P-type ATPase required for copper export. Loss of ATP7A function causes copper hyper-accumulation,[@cit41],[@cit87] and previous ICP-MS studies have shown that the Atp7a^--/--^ mouse embryonic fibroblast cells accumulate 6-fold more copper in the cytoplasm compared to isogenic wildtype cells.[@cit57] Higher Cu levels would induce oxidative stress provided the excess Cu ions are bound to cellular ligands that promote redox cycling leading to Cu ion catalyzed ROS production. Therefore, we decided to check the level of ROS in the Atp7a^--/--^ mouse embryonic fibroblast cells. The Atp7a^--/--^ cells showed significantly higher oxidative stress compared to the wildtype cells ([Fig. 8a--d](#fig8){ref-type="fig"} left panels, and [Fig. 8e and f](#fig8){ref-type="fig"}). This data implied that the increased endogenous level of Cu ions in the Atp7a^--/--^ cells were capable of promoting oxidative stress. Importantly, both **2c** and **3c** were able to reduce the levels of oxidative stress in the Atp7a^--/--^ cells ([Fig. 8a--d](#fig8){ref-type="fig"} right panels, [Fig. 8e and f](#fig8){ref-type="fig"}). This data demonstrates the efficacy of **2c** and **3c** against endogenous Cu ion overload induced oxidative stress.

![Confocal fluorescence imaging in mouse embryonic fibroblast wildtype (MEF WT) and mouse embryonic fibroblast *Atp7a* knockout (MEF Atp7a^--/--^) cells in presence of chelators and a ROS sensitive dye. (a) MEF WT cells: left to right, untreated cells; cells treated with chelator **2c** (40 μM) for 60 min. (b) MEF Atp7a^--/--^ cells: left to right, untreated cells; cells treated with chelator **2c** (40 μM) for 60 min. (c) MEF WT cells: left to right, untreated cells; cells treated with chelator **3c** (40 μM) for 60 min. (d) MEF Atp7a^--/--^ cells: left to right, untreated cells; cells treated with chelator **3c** (40 μM) for 60 min. Cells were stained with CellROX (5 μM) for 30 min at the final step before imaging (*λ*~ex/em~: 633/641--700 nm). Cells were washed three times with PBS buffer after each addition and then imaged. Lower panels of (a)--(d) shows bright field images of cells overlaid with confocal images. Fluorescence intensity analyses of confocal images were carried by using ImageJ software. Bar plots represent the intensity analyses of fluorescence images for chelators (e) **2c** and (f) **3c**. Fluorescence intensities were normalized to intensity of MEF Atp7a^--/--^ cells. Error bars denote SEM, *n* = 3. Statistical analyses were performed using an unpaired, two-tailed Student\'s *t*-test (\*\**p* ≤ 0.01, \*\*\*\**p* ≤ 0.0001). Images were acquired using a 40× objective; scale bar: 20 μm.](c8sc04041a-f8){#fig8}

The fact that our chelators reduce oxidative stress *via* Cu^2+^ ion chelation has been established both directly ([Fig. 7A--C](#fig7){ref-type="fig"}) and through control experiments in the presence of LPS (Fig. S29c and d[†](#fn1){ref-type="fn"}). These results when combined with the data on the Atp7a^--/--^ cells, indicate that Cu ion overload is indeed associated with increased oxidative stress catalyzed by Cu species that can perform redox cycling to generate ROS. Our chelators catch the Cu ions in the +2 oxidation state and generate a chelated species that blocks the redox cycling to alleviate Cu-induced oxidative stress. Hence, we decided to check the efficacy of the chelators in a multicellular, vertebrate model system.

Chelators alleviate oxidative stress *in vivo* in a zebrafish larval model
--------------------------------------------------------------------------

To evaluate the efficacy of **2c** and **3c** compounds *in vivo*, we investigated their ability to modulate pathways of redox signaling using a zebrafish model. Zebrafish larvae have emerged as a robust vertebrate model system for toxicological studies aimed at understanding the effects and mechanisms underlying oxidative stress.[@cit88]--[@cit90] Pathways related to redox signaling and lipid metabolism in zebrafish are highly analogous to those in humans.[@cit91],[@cit92] According to literature reports zebrafish have an enhanced oxidative stress response.[@cit93]--[@cit95] One of the major factors responsible for the increased oxidative stress response is the presence of comparatively high levels of unsaturated fatty acids that help fish maintain the fluidity of cell membranes at lower temperatures.[@cit92] The optical transparency of zebrafish larvae make them suitable for optical imaging with ROS sensitive optical probes like CellROX.[@cit81] We, therefore, tested the efficacy of the chelators toward alleviating Cu^2+^ induced oxidative stress in live zebrafish larvae.

3.5 days post fertilization (dpf) wildtype zebrafish larvae were exposed to Cu^2+^ by incubating the larvae in a medium containing copper salts. The larvae treated with copper salts exhibited increased oxidative stress as observed by increased intensity of CellROX. Highest intensities were observed in the tail muscles, gut, lateral fins, and around the eyes of the larvae ([Fig. 9a](#fig9){ref-type="fig"}). The swimming motion of zebrafish larvae are well-established where the larvae perform C-start motions during which the tail fin is bent into a C-shape.[@cit96],[@cit97] This movement helps the fish propel itself forward and dictates the speed of swimming.[@cit96],[@cit97] The C-start movement is an energy-demanding process for the muscles in the tail fin implying high mitochondrial activity in this region. Further, the lateral fins help the fish maintain balance during swimming which is also associated with increased muscle activity in these regions.[@cit98] The gut undergoes spontaneous peristaltic movements starting from 2 dpf. These peristaltic movements are driven by the gut muscles which are controlled by the autonomous nervous system.[@cit99] Finally, the zebrafish larvae actively scan their lateral field of view as they swim to visualize their environment which requires extra-ocular muscles that help in eye movement.[@cit100] In summary, we noted that the anatomical regions that showed increased oxidative stress in the zebrafish larvae upon Cu exposure were regions of high muscle activity and hence would be associated with greater mitochondrial density.[@cit81],[@cit101] Since, hydrogen peroxide production increases with increased mitochondrial activity,[@cit102],[@cit103] these regions would be more susceptible to metal induced oxidative stress *via* the Fenton pathway in accordance with our observation (although other regions might also accumulate metal ions).

![Confocal fluorescence images depicting the effect of chelators on live 3.5 dpf zebrafish larvae treated with copper salts. (a--c) Upper panels depict Z stacked confocal fluorescence images and lower panels depict bright field images overlaid with Z stacked confocal fluorescence images. (a) Control Cu-untreated larvae (left) and larvae treated with CuCl~2~ (30 μM) for 30 min (right). (b) Larvae treated with CuCl~2~ (30 μM) for 30 min followed by **2c** (60 μM) for 30 min (left) and larvae treated with CuCl~2~ (30 μM) for 30 min followed by **3c** (60 μM) for 30 min (right). (c) Larvae treated with LPS (10 μg mL^--1^) for 30 min (left) and larvae treated with LPS (10 μg mL^--1^) for 30 min followed by **2c** (60 μM) for 30 min (right). White arrows indicate regions exhibiting high oxidative stress. Larvae were stained with CellROX (10 μM) for 30 min in the final step before imaging. (d) Bar plots representing average fluorescence intensities obtained from intensity analysis of confocal images of the zebrafish larvae experiments for which representative images are shown in panels (a and b). Intensity data were normalized to intensity of CuCl~2~ treated larvae. (e) Quantification of fluorescence intensities of confocal images of zebrafish larvae for which representative images are shown in panel (c). Intensity data were normalized to LPS treated larvae. For both panels (d and e) intensity analyses were carried out on Z-stacked confocal images of zebrafish larvae. ImageJ software (NIH, USA) was used for image analysis. For fluorescence quantification, a region of interest (ROI) was created, and fluorescence intensity was measured. The reported fluorescence intensity was determined by averaging the measured intensity of at least fifteen different ROIs from experiments on at least six different zebrafish larvae. Error bars denote SEM, *n* = 6. Statistical analyses were performed using an unpaired, two-tailed Student\'s *t*-test (\*\**p* ≤ 0.01, \*\*\**p* ≤ 0.001). 20× objective was used for imaging; scale bar: 200 μm.](c8sc04041a-f9){#fig9}

We were pleased to note that the level of oxidative stress in the Cu-treated larvae significantly decreased in the presence of the chelators to levels similar to untreated larvae ([Fig. 9b and d](#fig9){ref-type="fig"}). The **2c** and **3c** chelators alone did not induce any oxidative stress in the larvae (Fig. S32[†](#fn1){ref-type="fn"}), and their ability to suppress copper-stimulated ROS was similar to [d]{.smallcaps}-Pen (Fig. S33[†](#fn1){ref-type="fn"}). Control experiments with LPS treated larvae showed that **2c** and **3c** could not rescue LPS induced oxidative stress ([Fig. 9c and e](#fig9){ref-type="fig"}). Therefore ligands **2c** and **3c** suppress Cu ion induced oxidative stress *via* Cu^2+^ chelation in a multicellular, vertebrate organism indicating the *in vivo* applicability of the chelators.

3.. Concluding remarks
======================

The regulation of redox active metal ions involves the intricate interplay of multiple proteins and biological ligands and exhibits many shades of subtle homeostatic balance.[@cit56],[@cit104] While the concept of chelation therapy has a long history, the appreciation of the balance between the labile and the protein bound pool and the regulatory factors that maintain this balance is very recent.[@cit105] Hence, most chelation therapy based approaches for treating metal-overload disorders are based on chelators that are non-specific.[@cit27] These non-specific chelators are also frequently used for mechanistic studies in unravelling metal ion regulation, leading to equivocal information on metal ion homeostasis.[@cit104],[@cit105] The development of selective chelators for a specific oxidation state of a redox-active metal ion remains a significant challenge, but is extremely worthwhile given the wealth of mechanistic information that can be obtained by the judicious use of such chelators and the tremendous potential in minimizing the side-effects associated with chelation therapy.

By analyzing the literature on Cu-induced oxidative stress and Cu ion speciation in cells,[@cit56],[@cit105] we realized that chelating out Cu^2+^ ions which would mostly be generated under oxidative stress conditions inside cells would provide access to selective Cu ion chelation without affecting the essential intracellular metal pool. An important criterion was that the chelated Cu^2+^ should not further promote Fenton chemistry. Using our redox-state selective chelation strategy, we have therefore developed novel chelators that exhibit unique Cu^2+^ selectivity and can alleviate metal overload induced oxidative stress both *in vitro* and in live cells. Importantly, we were able to show that the chelators reduce oxidative stress *via* Cu^2+^ chelation rather than by direct ROS scavenging, and were able to suppress ROS production in a disease model of cellular Cu overload. Finally, the chelators were able to reduce Cu-induced oxidative stress in zebrafish larvae indicating their ability to function *in vivo*.

The high selectivity of our chelators for Cu^2+^ over Cu^+^ and other biologically relevant metal ions makes these scaffolds valuable chemical tools for exploring pathways of Cu ion regulation. Moreover, these highly specific Cu^2+^ chelators can be applied as chemical tools to modulate Cu homeostatic pathways and Cu induced oxidative stress response in neurodegenerative conditions like Alzheimer\'s disease and in Cu-overload disorders like Wilson\'s disease. Finally, the molecular design of the Cu^2+^ binders, synthesized *via* a simple modular strategy, can serve as scaffolds for design and development of molecules aimed at chelation therapy for Cu-overload induced diseases.
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